A procedure for the safe conversion of a small (~ 1 gram) quantity of anhydrous hydrogen fluoride to calcium fluoride is described. The purpose of the conversion is to put the toxic, corrosive, gaseous compound into a chemical form that is a less toxic solid (calcium fluoride) and easier to dispose of. The hydrogen fluoride, which was contained in a 50 cc metal sample cylinder, was drawn by a small mechanical vacuum pump through an all-metal gas manifold and into a metal trap containing alternating layers of calcium oxide powder and Teflon turnings. The anhydrous hydrogen fluoride reacts with the calcium oxide to produce calcium fluoride and water vapor. Because some of the calcium oxide powder was drawn out of the trap and into the vacuum tubing, it was not possible to quantify the amount of anhydrous hydrogen fluoride converted to calcium fluoride. However, it was noted that there was a temperature rise in the trap when the gas was flowing through it, and no HF gas was detected at the vacuum pump exhaust at this time using a colorimetric Dräger tube. The trap was sealed and disposed of as solid chemical waste.
Acronyms and Abbreviations

Introduction
This report describes a procedure for chemically converting a small quantity (6 grams; estimated by cylinder weight) of anhydrous hydrogen fluoride to a more benign material that can be more easily disposed of than the gaseous HF. The hydrogen fluoride is stored in a non-DOT approved, 50 cc stainless steel sample cylinder and could not be easily transported off-site for disposal. It was decided by the researchers and PNNL Facilities and Operations personnel that the safest and most cost effective method for disposal would be treatment-by-generator (see appendix A). This treatment-by-generator procedure involves flowing the anhydrous hydrogen fluoride from its sample storage cylinder, into an all-metal gas manifold, and then through a trap containing calcium oxide where the HF will react to form calcium fluoride and water vapor. [1, 2] A small vacuum pump on the downstream side of the trap would be used to pull the HF into the trap. See Fig. 1.1 . The reaction between anhydrous hydrogen fluoride and calcium oxide is given by 2HF + CaO → CaF 2 + H 2 O. The 6 grams of HF is 0.3 moles of material reacting with 0.15 moles (8.4 grams) of calcium oxide to produce 0.15 moles (11.7 grams) of calcium fluoride and 0.15 moles (2.7 grams) of water. The trap will be filled with 30 grams of calcium oxide to ensure complete reaction of the hydrogen fluoride. The reaction is exothermic, so the flow of the HF through the trap will have to be controlled and the temperature of the trap monitored. The water vapor may react with the calcium oxide to produce calcium hydroxide. Using the heats of formation and the molar quantities given above, the heat of reaction will be -49.8 kJ. The heat capacity of stainless steel is 0.5 kJ/(kg K), so the temperature rise of the 0.85 kg stainless steel trap will be T = 49.8 kJ/[(0.5 kJ/(kg K)) × 0.85 kg] = 117 K. So the temperature rise would be considerable if all the HF were to be flowed through the trap at once. We will flow the HF at a rate that will allow convection to dissipate the heat from the trap. The temperature of the trap will be monitored with a thermocouple (Fluke 52 II, K-type thermocouple).
This report describes a procedure used to chemically react a small quantity of anhydrous hydrogen fluoride so that it may be disposed of safely. The equipment and procedure are described in 
Equipment and Setup
The gas manifold where the chemical conversion will take place is located in the south wall fume hood in the LSL2 building, room 1432. The manifold body is made of stainless steel and has a volume of 676 cc. Connections to the manifold are made with ¼" VCR fittings and Monel ball valves (Whitey M-43VCR4). The exhaust port of the manifold, which leads to the mechanical vacuum pump via stainless steel flex tubing, is sealed with a welded bellows valve (Swagelok SS-8BK-VCR) with ½" VCR fittings. The manifold has a 150 psig pressure relief valve. A 15 psig pressure relief valve is below the exhaust valve to protect the vacuum pump inlet from overpressure. Both relief valves are Swagelok SS-RL3M4 and are adjusted and calibrated for their respective release pressures. Pressure in the manifold is measured with 10,000 and 1000 Torr capacitance manometers (MKS Instruments, Inc.) and a thermocouple gauge (MKS). One port on the manifold is connected to a nitrogen cylinder. Nitrogen is used to pressure test the tubing connections and to flush out the cylinders and manifold. The fume hood is a constant air volume hood with a nominal flow rate of 775 CFM.
The calcium oxide trap consists of a 5" long stainless steel nipple with QF40 ISO flanges. The inside diameter of the nipple is 1-3/8". The trap is shown in Fig. 2 The exhaust side of the calcium oxide trap is connected to the mechanical vacuum pump (Leybold Trivac D8B, nominal pumping speed 6.9 CFM) by a 6' length of 1" ID, stainless steel flex tubing with NW25 flanges. This tube connects to a stack of two exhaust traps (MKS P/N 433060) on top of the vacuum pump. These traps are dual element activated charcoal and fiberglass that are used primarily to prevent back-streaming of pump oil back into the calcium oxide trap and the manifold. The 50 cc sample cylinder with welded bellows valve (Swagelok SS-4BRW-WY4) containing the anhydrous hydrogen fluoride is attached to the gas manifold through a needle valve (Swagelok 4BMRW-VCR; regulating stem tip), ¼" VCR fittings, and a Monel ball valve. The manifold, trap, valves and vacuum pump are shown in Fig. 2 .4. The sample cylinder and its needle valve and shut-off valve are shown in Fig. 2 .5. To test the flow of gas from the sample cylinder through the valves, the trap and out the pump, we replaced the sample cylinder containing the HF with an identical, empty cylinder. We put 1 atm of air into the sample cylinder, set the opening on the needle valve to a certain setting, evacuated the manifold, and then opened the valve on the sample cylinder and started a timer. The time for the pressure in the manifold to drop back to zero as indicated on a 1000 Torr MKS Baratron was noted. The peak pressure and number of turns on the needle valve were also noted. The micrometer on the needle valve is marked off in divisions of 1/25 th of a turn, and one division corresponds to 0.001 inch of travel of the valve stem. With the needle valve set at zero turns the regulating tip provides shut-off service and the sample cylinder is sealed from the manifold.
With the needle valve opened 5 divisions and the sample cylinder filled with 739 Torr of air (~ 0.050 L atm of air), the manifold pressure peaks at 12.5 Torr when the cylinder valve is opened and the pressure drops to 0.0 Torr in 30 seconds. With the needle valve open 4 divisions, the pressure in the manifold peaks at 9.7 Torr when the cylinder valve is opened and pumps to 0.0 Torr in 39 seconds. With the needle valve open 3 divisions, the pressure in the manifold peaks at 5.7 Torr when the cylinder valve is opened and pumps to 0.0 Torr in 1 minute, 30 seconds. With the needle valve open 2 divisions, the pressure in the manifold peaks at 0.2 Torr when the cylinder valve is opened and pumps to 60 mTorr in 10 minutes. For this last arrangement, much of the air was still in the 50 cc sample cylinder after 10 minutes.
The burden of HF (6 grams, 0.3 moles) in the sample cylinder at 20 °C is 7.2 L atm. The boiling point of HF is 19.5 °C and the typical temperature in the lab is 20 °C, so the vapor pressure of the HF is 783 Torr. If we set the needle valve to 3 divisions open, the time to pump out the 7.2 L atm would be about 3.6 hours. 
Procedure
Anhydrous hydrogen fluoride is an extremely dangerous and toxic material. The first aid and safety procedures for handling HF are given in Appendix B of this report. This information comes from the Chemical Process Permit for the laboratory space (LSL2/1432). Read this permit before handling hydrogen fluoride. Call the single point of contact 375-2400 if there is an exposure to HF or if there is a release of HF in the lab or in the fume hood. Release of HF to the environment is regulated and, depending on the amount, may be reportable.
When anhydrous HF is released into the air, a white cloud is formed. When this cloud is seen in the fume hood, close the fume hood sash, evacuate the lab space and call 375-2400. If the cloud is seen in the lab space, evacuate the lab immediately and call 375-2400. For eye exposure, flush the eyes with water immediately. There are safety showers in the hallways of LSL2. For skin exposure, apply calcium gluconate gel to the affected area (Calgonate). A tube of Calgonate gel is kept near the manifold.
There is no affordable, reliable continuous air monitoring system for hydrogen fluoride. The odor threshold for the compound is 0.04 ppm. The Time Weighted Average (TWA) for HF is 0.5 ppm. Spot monitoring of HF is performed using Dräger colorimetric tubes. A Dräger Accuro Gas Detector Pump along with Dräger gas tubes (Part no. 8103251, HF 0.5 to 90 ppm detection levels) are used to monitor the fume hood and room air for HF before and at intervals during the chemical conversion. See Appendix B for further details.
A Dräger tube reading is to be made of the lab and fume hood before the HF cylinder is brought into the lab. The sample cylinder containing the HF is carried from its ventilated/sprinklered cabinet in LSL2/1339 to LSL2/1432 using a rubber, bucket-type bottle carrier. Above the valve on the cylinder a ¼" VCR male plug is screwed into the ¼" VCR female fitting on the valve. Remove the plug and connect the cylinder to the manifold as shown in Fig. 2 .5. Use a new nickel gasket for this connection.
Leak check the manifold and the connections to the sample cylinder using a helium leak detector. Once the leak testing is complete, make another Dräger tube reading of the fume hood.
Hydrogen fluoride may react with the metal in the cylinder, and this build-up of H 2 is a safety concern (see Appendix C). Before converting the HF, the sample cylinder should be opened to the manifold, with the exhaust valve closed, and the pressure noted. If the pressure is much greater than 790 Torr at room temperature, there may be hydrogen in the cylinder. If this is the case, several freeze-pumpthaw cycles should be performed on the sample cylinder using liquid nitrogen. If the pressure is not above an atmosphere, freeze the HF back into the sample cylinder using liquid nitrogen. Warm the cylinder back to room temperature. Now the conversion reaction can be started. Turn the needle valve two and a half divisions counter clockwise and tighten the set screw on the valve's sleeve to lock the valve at this setting. Open the exhaust valve on the manifold. When the pressure in the manifold drops below 30 mTorr open the valve on the sample cylinder and start the digital timer. Monitor the pressure in the manifold and in exhaust line (thermocouple gauge above the vacuum pump), and the temperature on the calcium oxide trap. If the pressure above the pump climbs above 300 mTorr or the temperature on the trap rises more than 5 °C above ambient close the needle valve by one division. If there is no rise in pressure or temperature, open the valve by one division or more as needed. Every 20 minutes or so take a Dräger reading in the fume hood and at the exhaust port of the vacuum pump. When the pressure in the manifold and above the traps on the vacuum pump have dropped below 30 mTorr and the temperature of the calcium oxide trap has returned to ambient temperature the reaction is done and the hydrogen fluoride has been converted. Close the exhaust valve on the manifold and fill the manifold and sample cylinder with about 3 to 4 atmospheres of dry nitrogen and pump the nitrogen away. Repeat this two more times.
Close the exhaust valve on the manifold. Close the valve on the sample cylinder and disconnect this from the manifold. Take Dräger tube readings at the inlet of the needle valve and the fitting on the sample cylinder. With the sample cylinder in the fume hood slowly open the valve on the sample cylinder and take Dräger readings at the fitting on the sample cylinder. If no white cloud appears and there is no 3.2 positive reading on the Dräger tube, then the tube is empty and the process is complete. If there is a white cloud or there is a positive reading for hydrogen fluoride, reconnect the sample cylinder and continue to flush, pump, and test the cylinder.
When the sample cylinder is empty and clean, close the exhaust valve on the manifold, turn off the vacuum pump, and vent the vacuum line. Disconnect the calcium oxide trap and weigh the trap. Cap the ends of the trap and put it in a waste container and label as regulated waste. Calcium oxide may have gotten into the flexible vacuum line. Rinse the line out with water. Oil in the vacuum pump should now be emptied by a millwright. Inform the millwright of the chemical exposure to the pump. The process is now complete.
4.1
Results
The chemical conversion was conducted on April 20, 2018. Dräger tube readings of the lab air and air in the fume hood were made and no HF was detected. The HF sample cylinder was moved from LSL2/1339 to the fume hood in LSL2/1432 using the rubber, solvent bottle carrier. The male plug in the cylinder's valve fitting was removed and the cylinder was connected to the inlet of the needle valve on the gas manifold. A new nickel gasket was used to make the connection. Another Dräger reading was made of the interior of the fume hood. The exhaust valve to the manifold was closed, the vacuum pump shut off, the thermocouple (TC) pressure gauge above the dual element traps was removed and a flex tube was connected between TC port and a helium leak detector. The vacuum pump was started, the exhaust valve opened, and the helium leak detector started. The manifold, traps and vacuum lines were leak tested with helium gas. No leaks were found. The leak detector and pump were shut off and the leak detector was disconnected from the TC port and the TC gauge connected back to its port. The vacuum pump was restarted and the manifold, traps and vacuum line evacuated below 30 mTorr.
Next, we closed the exhaust valve on the manifold and opened sample cylinder to manifold. The pressure in manifold was 115 Torr. No substantial amount of hydrogen was present in the cylinder. A Dräger tube reading inside the fume hood was made and no HF was detected. The ambient temperature in the lab was 21.5 °C. Given the volume of the manifold, 676 cc, the measured pressure, and lab temperature, the amount of HF in the sample cylinder is on the order of 0.1 gram, not 6 grams. We cryotrapped the HF back into the sample cylinder using liquid nitrogen. The valve on the cylinder was then closed and we then warmed the cylinder back to room temperature using a heat gun, being careful to not overheat the cylinder.
The needle valve was turned 2.5 divisions counter clockwise from its closed position and locked in place using the set screw in the valve's micrometer sleeve. The exhaust valve on the manifold was open to the traps and vacuum line. The sample cylinder valve was opened and a timer started. The time, the opening on the needle valve, the pressure at the TC gauge above the dual element traps in the vacuum line, and the temperature of the calcium oxide trap, as measured by a K-type thermocouple, were noted and the results given in Table 4.1.
There was an initial rise in exhaust pressure when the valve was first opened, but this was small. So we opened the needle valve to 2.75 divisions and the exhaust pressure rose substantially 1500 mTorr and the trap temperature rose from 21.5 °C to 23 °C. Within a few minutes the pressure dropped back down below 150 mTorr. We continued to open the needle valve, but there wasn't another surge. We kept opening the needle valve and pumping on the sample cylinder through the calcium oxide trap. After 2 hours and 8 minutes of pumping, we stopped pumping, flushed the cylinder and manifold out with dry nitrogen, and then disconnected the cylinder from the manifold and checked with the Dräger tube as described in the Procedure section. No HF was detected.
We then disconnected the calcium oxide trap. Some of the calcium oxide powder leaked through the Teflon chips and copper wool and into the flex tubing. So we lost some weight from this. When we weighed the trap after the chemical conversion it weighed 905.96 grams (loss of 2.59 grams). So it would not be possible to determine the amount of calcium fluoride generated. The trap body was capped and disposed of as regulated waste. The vacuum tubing was cleaned of calcium oxide powder.
Initially, we estimated the weight of the HF in the cylinder by weighing the cylinder and then weighing an identical cylinder that was empty. The difference was 5.90 grams. When the HF cylinder was empty and flushed out, we weighed it and found that its weight was 447.64 grams. The weight of the empty cylinder that we used for the tare weight earlier was 442.11 grams. The difference is 5.53 grams. So the actual amount of HF in the cylinder was 0.37 grams.
No HF gas was observed by the Dräger tube, either in the fume hood or at the exhaust of the vacuum pump. Based on our exhaust pressure and trap temperature measurements, much of the small quantity of HF in the cylinder was converted within the first few minutes of opening the cylinder valve. 
